There is increasing evidence indicating that the production of small regulatory RNAs is not the only process in which ribonuclease Dicer can participate. For example, it has been demonstrated that this enzyme is also involved in chromatin structure remodelling, inflammation and apoptotic DNA degradation. Moreover, it has become increasingly clear that cellular transcript and protein levels of Dicer must be strictly controlled because even small changes in their accumulation can initiate various pathological processes, including carcinogenesis. Accordingly, in recent years, a number of studies have been performed to identify the factors regulating Dicer gene expression and protein activity. As a result, a large amount of complex and often contradictory data has been generated. None of these data have been subjected to an exhaustive review or critical discussion. This review attempts to fill this gap by summarizing the current knowledge of factors that regulate Dicer gene transcription, primary transcript processing, mRNA translation and enzyme activity. Because of the high complexity of this topic, this review mainly concentrates on human Dicer. This review also focuses on an additional regulatory layer of Dicer activity involving the interactions of protein and RNA factors with Dicer substrates.
INTRODUCTION
Small regulatory RNAs, such as microRNAs (miRNAs) or small interfering RNAs (siRNAs), play essential roles in many important biological processes, including developmental timing, growth control, differentiation and apoptosis (1) (2) (3) . In humans, the vast majority of small regulatory RNAs are miRNAs. To date, ∼2600 miRNAs encoded in the human genome that are derived from almost 1900 miRNA precursors (pre-miRNAs) have been identified (http://www.mirbase.org/). They have been found to control the expression of most human protein-coding genes through the miRNA pathway (4, 5) . Moreover, it has been demonstrated that miRNAs play a very important role in host-virus interactions in mammals (6) (7) (8) (9) . Therefore, the cellular levels of miRNAs and other components of miRNA pathways must be tightly controlled, both spatially and temporally. Aberrant regulation of miRNA levels can initiate pathological processes, including carcinogenesis as well as neurodegenerative, immune system and rheumatic disorders (10) (11) (12) (13) .
A fundamental role in the biogenesis of miRNAs in humans is played by a ribonuclease III (RNase III) enzyme termed Dicer, which recognizes and cleaves 50-70-nucleotide (nt) single-stranded pre-miRNAs with hairpin structures or double-stranded RNAs (dsRNAs) into functional 21-23-nt miRNAs or siRNAs, respectively (14) . Human Dicer is a 220-kDa multidomain enzyme comprising an amino (N)-terminal putative helicase domain (homologous to DExD/H-box helicases), a DUF283 domain (domain of unknown function), a PAZ (Piwi-ArgonauteZwille) domain, two RNase III domains (RNase IIIa and RNase IIIb) and a dsRNA-binding domain (dsRBD) (14) (15) (16) (17) (18) . Because all metazoan Dicers are large and complex proteins, they are difficult to crystallize. A lack of structural data has limited the understanding of Dicer-mediated processes. The crystal structure of an intact Dicer enzyme has only been determined for Giardia intestinalis; however, Giardia Dicer is only comprised of the PAZ and tandem RNase III domains and lacks many of the domains and regions characteristic of Dicers in higher eukaryotes (16) . A three-dimensional model of the human Dicer enzyme has been determined based on electron microscopy data (19) (20) (21) (22) . In addition, structures of several individual Dicer domains have been established, including the crystal structures of the platform-PAZ-connector helix cassette (23) and the carboxy (C)-terminal RNase III domain (RNase IIIb) (24) . Moreover, a three-dimensional model of the DUF283 domain has been generated by computational methods (25) .
The first model of Dicer ribonuclease activity was proposed in 2004 by Filipowicz et al. (18) . According to this model, miRNA and siRNA precursors are recognized by the PAZ domain. The latter binds to the 3 end of the substrate, with a preference for 2-nt-long overhangs (18, (26) (27) (28) (29) . The dsRBD of Dicer has been shown to play only an auxiliary role in substrate binding and cleavage. This model also implies that Dicer contains a single dsRNA cleavage centre formed by the RNase IIIa and RNase IIIb domains, which are both located within the same molecule. This enzyme cuts both strands of dsRNA precursors at regions located ∼20 base pairs (bp) from their termini (18) . This model has been further improved by the enhanced identification and characterization of the functions of other Dicer domains and motifs. Currently, it is assumed that Dicer has two pockets that bind to substrate ends, a 3 -end-binding pocket located within the PAZ domain (16, 18 ) and a 5 -end-binding pocket located within the PAZ domain and the so-called platform domain (23, 30) . Importantly, docking to the 5 -end-binding pocket has been proposed to be efficient only when substrate ends are less stably base-paired, which is more characteristic of miRNA precursors (23) . Accordingly, analyses of Dicer homologues have revealed that the 5 -end-binding pocket is highly conserved among most Dicers producing miRNAs but not siRNAs. Thus, this motif is not present in Dicers from lower eukaryotes (e.g. Giardia and fungi), which lack the miRNA pathway (30) . Furthermore, recent data have suggested that the N-terminal helicase domain of Dicer is involved in the discrimination between miRNA and siRNA precursors by interacting with the hairpin loop structures of pre-miRNAs (21, (31) (32) (33) . Importantly, RNA binding by the helicase domain has been proposed to cause substrate-dependent changes in the Dicer structure (21, 34) . Nevertheless, the helicase domain has also been shown to be dispensable for Dicer cleavage activity (35, 36) . Further, this domain has been proposed to function as an autoinhibitor of Dicer (37) . The function of the DUF283 domain remains unknown. Initially, it was suggested to be critical for pre-miRNA processing because Dicer mutants lacking it (in addition to the helicase domain) lost this activity (35, 36) . However, Doudna et al. have shown that the cleavage activity of a Dicer mutant with a deletion of the DUF283 domain, but possessing all other components, is only slightly affected (37) . Individual Dicer domains have also been shown to interact with other proteins. This issue will be discussed later in this manuscript.
Based on the first models of Dicer proteins it was proposed that the length of the small RNAs produced by Dicer was determined by the distance between the PAZ domain and the cleavage centre, which depends on the length of the linker that connects them (16, 19) . Thus, Dicer was considered to be a molecular ruler that measured and cleaved 20-25-bp duplexes from dsRNA substrates. Interestingly, Doudna et al. have recently shown that active human Dicer can be reconstituted from two or three separately obtained fragments (31) . More importantly, the two fragments, one comprising the DUF283 and PAZ domains (N-terminal) and the other comprising the RNase III and dsRBD domains (C-terminal), could still produce 22-bp products, although both fragments lacked a portion of the linker connecting the PAZ and RNase III domains (31) . Thus, one can hypothesize that the lengths of Dicer-generated products are determined by the nature of PAZ and RNase III domain interactions, which may occur either directly or through an RNA substrate.
The ribonuclease Dicer is found throughout eukaryotes but is absent in bacteria and archaea. It has been suggested that the Dicer family has independently diversified in animal, plant and fungal lineages (38, 39) ; however, it has been lost from some protozoan parasites (e.g. Leishmania major and Trypanosoma cruzi) and some fungi (e.g. the model organism Saccharomyces cerevisiae and other closely related yeasts) (40, 41) . Current evidence suggests that the Dicer gene underwent duplication early during animal and plant evolution, presumably coinciding with the origin of multicellularity, giving rise to two distinct groups in animals (Dicer-1 and Dicer-2) and to four groups in plants (Dicerlike (DCL) proteins DCL-1 to DCL-4). In insects, Dicer-1 and Dicer-2 have been shown to recognize distinct substrates and to generate different classes of small RNAs; i.e. miRNAs and siRNAs, respectively (42) . Furthermore, Dicer-2 has been shown to cleave cell-derived dsRNA precursors to produce endogenous siRNAs (43) , in addition to double-stranded virus-derived RNAs to produce exogenous siRNAs (44) . Accordingly, an essential function of Dicer-2 in host defense against RNA viruses has been documented for Drosophila (44) . Interestingly, Dicer-2 was subsequently lost from lineages that developed alternative antiviral strategies, such as vertebrates (39) .
Since its discovery in 2000 (14) , the ribonuclease Dicer has been considered to be one of the key factors responsible for the production of small regulatory RNAs. Consequently, a number of articles thoroughly discussing various aspects of Dicer involvement in the biogenesis of miRNAs and siRNAs have been published. However, an overall understanding of the gene expression and protein functions of this enzyme is still far from being elucidated. Thus, this review summarizes the current knowledge of various factors involved in the regulation of Dicer gene transcription, primary transcript processing, mRNA translation and enzyme activity. Because of the high complexity of the topics that are discussed, we mainly focus on human Dicer. Finally, as mutations in the Dicer gene may generate a range of phenotypes that are correlated with many types of cancer, we also discuss the association of Dicer with cancer.
ORGANIZATION OF THE DICER GENE AND FAC-TORS CONTROLLING ITS EXPRESSION
In all vertebrates, only one gene encoding the Dicer protein has been identified; however, its chromosomal The organization of DICER1 is presented in Figure 1A . The dominant initiation codon (AUG) is found within exon 2 according to the nomenclature of exons adopted by Marsden et al. (indicated in black in Figure 1 ) (45) and it is found within exon 4 according to the nomenclature adopted by Irvin-Wilson and Chaudhuri (indicated in red in Figure 1 ) (46) .
Many factors can regulate the transcription of DICER1. These factors can be universal or cell-, tissue-or stagespecific. For instance, SOX4, a transcription factor involved in the regulation of embryonic development and in the determination of cell fate, positively regulates the expression of the Dicer gene by binding to its promoter and enhancing its activity (47) . SOX4 is also a well-known oncogene, and its overexpression is observed in many types of cancers (48) (49) (50) , including prostate cancer (51) . Accordingly, in human prostate cancer cells, the level of Dicer mRNA has been found to be upregulated (52) . Another report on the transcriptional regulation of Dicer gene expression has shown that upon melanocyte differentiation, the melanocyte master transcriptional regulator, microphthalmia-associated transcription factor (MITF), binds to and activates a conserved regulatory sequence located upstream of the transcriptional start site of the Dicer gene, thereby stimulating its expression in these cells (53) . It is also not surprising that within the promoter of the Dicer gene, target sequences for the ubiquitous tumour suppressors p53 and p63 have been identified (54) . Nevertheless, the current knowledge of transcription factors influencing the expression of the Dicer gene is still very limited. The complexity of this process is highlighted by the fact that the level of Dicer transcripts is not always correlated with its protein level, implying that the regulation of its expression may occur at the post-transcriptional level (55) . For example, Wiesen and Tomasi have used different human and mouse cell lines to demonstrate that histone deacetylase inhibitors only modestly alter Dicer mRNA levels but substantially decrease its protein levels, possibly by activating cellular stress-response pathways (55) . These authors have also shown that at the protein level, Dicer expression may be downregulated by ∼4000 bp-long dsRNAs and interferon alpha (type I interferon) and upregulated by interferon gamma (type II interferon).
Currently, it is clear that from one Dicer gene, multiple Dicer transcript variants can be produced as a result of the initiation of transcription from alternative promoters and alternative splicing ( Figure 1B Figure 1B ). The shorter variant, which lacks the two exons with additional AUG codons (exons 2 and 3, according to the nomenclature adopted by IrvinWilson and Chaudhuri), has been shown to be more efficiently translated in an in vitro reporter system (46) . These authors have also shown that in human breast cells, instead of the previously identified promoters (58) , an alternative promoter located far upstream is employed for Dicer gene expression (46) (compare transcript nos. (1) (2) and (3) in Figure 1B ). In addition, Marsden et al. have identified unique 5 -UTRs formed by a combination of three leader exons (1A, 1B and 1C) and three alternatively spliced exons (AS1, AS2 and AS3) ( Figure 1A and B). Furthermore, these authors have demonstrated in vitro that the presence of any of the three alternatively spliced exons (AS1, AS2 or AS3) in the 5 -UTR decreases the translation of the reporter gene. However, the lowest translation efficiency has been detected for transcripts containing the leader exon 1B, which is expressed from the alternative long-distance CpG island promoter (45) (transcript nos. (4-6) in Figure 1B ; exon 1B is boxed in bold).
Reports of the alternative processing of human Dicer premRNA, as discussed above, have also revealed that shorter Dicer mRNA variants are produced in differentiated epithelial cells and in a number of cancer cell lines (59, 60 ). An interesting splice variant of the human Dicer gene has been identified in neuroblastoma cells (61) . In this variant, one of the protein-coding exons is skipped and as a result, Exon 1B is boxed in bold and is located within a genomic sequence containing a CpG island. Fragments of exons coloured in purple encode a helicase domain, whereas the green fragments encode a DUF283 domain, the red fragments encode a PAZ domain, the blue fragments encode both RNase IIIa and RNase IIIb domains and the orange fragments encode a dsRBD domain. The transcript variant no. (7), for which one of the protein-coding exons is skipped (the region circled in red), encodes a Dicer protein lacking the majority of its RNase IIIb domain. A detailed description can be found in the text. the reading frame is altered and a premature stop codon is gained (transcript no. (7); region circled in red in Figure  1B ). Consequently, a protein that is 93 amino acid residues shorter than the full-length Dicer and differs in the last 41 C-terminal amino acids is produced (lacking one of the two RNase III domains and the dsRBD) (61). It is not clear whether this truncated protein is a hallmark of neuroblastoma development or whether it plays a role in differentiation and tumorigenesis. The influence of the dysfunction of a single RNase III domain on Dicer activity has been studied by Sharp et al. (62) and Amatruda et al. (63) . These groups have observed that this enzyme can retain partial activity even if one RNase III domain is inactive. Specifically, Dicer with a dysfunctional RNase IIIa domain fails to produce miRNAs from the 3 -arm of pre-miRNA hairpins (62) , whereas Dicer with an affected RNase IIIb domain does not produce miRNAs from the 5 -arm of pre-miRNA hairpins (62, 63) . Those results provide insights into the mechanisms by which mutations in Dicer may affect the level of miRNA expression and thus trigger tumorigenesis.
Some authors considered the Dicer gene to be a housekeeping gene (64) ; however, compared with other housekeeping genes, its 3 -UTR-encoding fragment has been shown to be unusually long (>4000 bp) (64) . In Dicer mRNA, this region is involved in the post-transcriptional regulation of gene expression. The 3 -UTR of Dicer mRNA can be targeted by several miRNAs, e.g. miR-103/107 (59, 60, 64) , miR-192 (65) or members of the let-7 miRNA family (60, 66) . Interestingly, target sequences for let-7 miRNAs have also been found within the coding regions of Dicer transcripts (66) . Furthermore, Mayr and Bartel have identified various polyadenylation signals at the 3 ends of Dicer pre-mRNAs in multiple cancer cell lines (67) . These authors have shown that in cancer cells, the production of Dicer from a more abundant mRNA with a shorter 3 -UTR is several times greater than that from an mRNA with a longer 3 -UTR (67) . Shorter mRNAs that lack large 3 -UTR fragments, which contain a number of miRNAbinding sites, cannot be targeted by RNA-silencing machinery. Thus, the regulation of the level of Dicer mRNA by at least some miRNAs is lost in cells carrying such shortened transcripts. The problem associated with the use of alternative polyadenylation sites within Dicer pre-mRNAs has also been discussed by Kanaoka et al. (68) . These authors have demonstrated that in colorectal cancer, primary Dicer transcripts are polyadenylated at two alternative sites, giving rise to two transcript isoforms with either a long or truncated 3 -UTR (68) .
Another report concerning Dicer transcripts has postulated that Dicer mRNA may specifically interact with exportin-5, a nuclear receptor involved in the export of certain classes of RNAs, including pre-miRNAs, viral hairpin RNAs and some tRNAs (69) . All of these RNAs compete for binding to exportin-5. Thus, the saturation of this receptor with other RNAs decreases the export of Dicer mRNA to the cytoplasm and as a consequence, reduces further Dicer gene expression.
It has also been found that the level and/or activity of human Dicer can be regulated by its post-translational modification, e.g. phosphorylation (70) and SUMOylation (71 (73) . These authors have demonstrated that extracellular signal-regulated kinase (ERK) phosphorylates Dicer (within the RNase IIIb and dsRBD domains) during most of oogenesis and that this phosphorylation is necessary and sufficient to trigger Dicer's nuclear translocation in worm, mouse and human cells (73) . In addition to inducing nuclear localization, Dicer phosphorylation has also been found to inhibit its function (73) . Interestingly, Dicer has been observed to be rapidly dephosphorylated just before fertilization (73) .
Dicer also contains several potential lysine SUMOylation sites (71) . It has been demonstrated that cigarette smoke may alter alveolar macrophage miRNA production by Dicer SUMOylation. The latter process has been found to decrease Dicer activity, resulting in the massive downregulation of miRNAs and presumably promoting smokingrelated diseases (71) . These findings demonstrate that environmental exposure may cause changes in miRNA levels via the post-translational modification of Dicer.
Dicer has also been proposed to be a glycoprotein (74) . In addition to evidence that Dicer is translocated through the endoplasmic reticulum, it has been suggested that glycosylation of this enzyme may play a role in maintaining its intracellular level (74) . The conjugation of carbohydrate chains to proteins may contribute to their proper folding; however, the functional implications of this modification in the case of Dicer remain elusive and require further investigation.
DICER EXERTS ITS FUNCTIONS AS PART OF LARGE MULTIPROTEIN COMPLEXES
Although Dicer alone is capable of cleaving pre-miRNA and long dsRNA to miRNA and siRNA, respectively, its catalytic activity is known to be modulated by associated proteins, particularly by two closely related proteins, TRBP and protein activator of protein kinase R (PACT) (35, 75, 76) . These two Dicer-binding proteins are important regulators that contribute both substrate and cleavage specificity during small regulatory RNA production. In particular, it has been reported that Dicer, in association with PACT, preferentially cleaves pre-miRNAs rather than precursors of siRNAs (77) . This discrimination is less pronounced when Dicer is coupled with TRBP (77). These findings are consistent with those of another study, showing that in vitro PACT binds siRNA at a lower affinity than TRBP (78) . Moreover, both proteins not only influence substrate discrimination by Dicer but also may change the cleavage site, thereby triggering the generation of different sized iso-miRNAs (isomiRs) (77, 79) . Additionally, the direct binding of TRBP to pre-miRNA substrates has been proposed to increase the initial rate of substrate recognition by Dicer (80) . TRBP has also been shown to increase the stability of Dicer/substrate complexes and all of these components together presumably stimulate dicing (80) . Further-more, evidence indicates that TRBP, in association with Dicer, contributes not only to RNA substrate binding and product length determination (79-83) but also to the assembly of larger multiprotein complexes, including the RNAinduced silencing complex (RISC) and RISC-loading complex (RLC) (22, 75, 76, 84) . Similar roles have been proposed for PACT (35) ; however, its specific function is still poorly understood. RISC is a central effector of RNA-silencing pathways (85) (86) (87) . The functional core of every RISC is composed of a member of the Argonaute (Ago) protein family and a small regulatory RNA (88, 89) . The latter guides the RISC to a target RNA transcript, permitting its binding through Watson-Crick base pairing (87). Maniataki and Mourelatos have proposed that Dicer, in association with Ago2, binds to and cleaves pre-miRNA. Next, the resultant miRNA duplex is passed along to Ago2 via the cooperation of Dicer and TRBP (90) . In humans, Dicer, TRBP and Ago2 form the core of the RLC (84, 87) . Electron microscopy and single particle image analysis of a reconstituted RLC have revealed that within the ternary complex, the Dicer N-terminal helicase domain interacts with TRBP, while the C-terminal catalytic domains of RNase III are proximal to Ago2 (22) . Interestingly, Doudna et al. have shown that in vitro, the duplex generated by Dicer cleavage may be released from the Dicer/TRBP complex and may rebind in a different orientation in the helicase domain of Dicer before it is loaded onto Ago2 (91) . The fate of the RLC following the loading of Ago2 with duplex RNA is elusive. Some research groups have suggested that the complex remains intact (35, 87) and that the presence of Dicer and TRBP stimulates target RNA processing by Ago2 (75, 87) . Other groups either have reported the dissociation of Dicer from Ago2 after the latter is loaded with an RNA duplex (90) or have assumed that Dicer does not participate directly in the slicer activity of the RISC (84) . Thus, the role of Dicer in coupling miRNA biogenesis and post-transcriptional gene silencing remains unclear and requires further investigation. Notably, it has been suggested that Dicer may not be required for the assembly of siRNAcontaining RISCs in vivo in mice (92) and in vitro in humans (93) . Hence, it is possible that the mechanisms of RISC assembly in the miRNA and siRNA pathways are different.
It has also been demonstrated that RISC or RISC-like complexes can operate in nucleus (94, 95) . However, the data collected indicate that nuclear RISC is much smaller than the cytoplasmic RISC complex. The estimated size of the former one is close to the size of the single Argonaute protein (94) . Thus, one can assume that the nuclear RISC complex lacks Dicer.
Another protein partner that can modulate the activity of Dicer is adenosine deaminase acting on RNA 1 (ADAR1), which catalyzes the adenosine-to-inosine editing of dsRNA and pri-and pre-miRNAs (34, (96) (97) (98) . According to current data, the editing activity of ADAR1 is attributed to its homodimer form, whereas heterodimers of ADAR1 and Dicer do not exhibit editing activity (96) . It has been further demonstrated that ADAR1 forms a complex with Dicer through a direct protein-protein interaction involving the DUF283 and DEAD-box RNA helicase domains of Dicer (96). As mentioned above, the helicase domain has also been reported to be involved in interacting with TRBP (22, 76, 99) , indicating that TRBP and ADAR1 associate with at least one common Dicer domain. In addition, it has been postulated that ADAR1 increases the rate of substrate cleavage by inducing conformational changes in Dicer (96) .
NON-MIRNA-RELATED INTERACTION NETWORK OF DICER
Early studies of RNA interference (RNAi) phenomena and miRNA biogenesis pathways have led to the prevailing concept that Dicer is localized solely to the cytoplasm (100). In addition, several research groups have demonstrated that a small pool of Dicer co-purifies with membranes (74, 76, 101) . More recently, it has been shown that mammalian Dicer can also function in the nucleus, where it has been found to be associated with nuclear ribosomal DNA (rDNA) chromatin, precisely interacting with the transcribed and promoter regions of rDNA repeats (102) . Nevertheless, in mammals, the roles of these interactions remain unclear. It is possible that the association of Dicer with rDNA repeats preserves the stability of this region (102) . Such a role of Dicer analogues has been previously shown in flies (103) and yeast (104) . In various species, Dicer has also been demonstrated to link the RNAi pathway to heterochromatin assembly (105) (106) (107) (108) (109) (110) (111) . According to the model proposed by Grewal et al. for yeast, nuclear Dicer generates siRNA associated with a nuclear Argonaute complex, termed the RNA-induced transcriptional silencing complex (RITS) (108, 109) . In addition to Argonaute proteins, the RITS contains histone-binding and adaptor proteins. It recruits histones and histone-modifying enzymes to target chromatin and generates repressed chromatin structures in a process called transcriptional gene silencing (108, 109) . Furthermore, it has been demonstrated in mammalian cells that a reduction in the Dicer level results in a more open chromatin structure due to a decrease in methylation, an increase in the acetylation of histones, and the loss of the chromatin-bound Argonaute proteins (112, 113) . Likewise, a depletion of Dicer in a human embryonic cell line has been shown to activate chromatin at the PHLDA2 locus, an important tumour suppressor gene region (114) . The observed phenomenon was linked to the changes in the level of histone acetylation but not to the methylation state of the locus (114) . It was later suggested that human Dicer, under normal conditions, is recruited to loci of endogenous overlapping transcription through association with RNA polymerase II and dsRNA (110) . Dicer then co-transcriptionally cleaves dsRNA into siRNA, leading to Ago1 recruitment (110) . All of these events prevent endogenous dsRNA formation from overlapping non-coding RNA transcription units, precluding an uncontrolled interferon response and cellular apoptosis (110) .
Interestingly, Argonaute and Dicer proteins have also been shown to be able to affect splicing (112, 115) . Most splicing events occur co-transcriptionally (116, 117) . Batsche et al. have proposed a model in which nuclear Argonaute proteins are guided to the vicinity of potential splice sites by Dicer-generated small RNAs interacting with intragenic antisense transcripts synthesized by RNA polymerase II. Argonaute proteins, in association with guiding RNAs, are recruited to the spliceosome complex through interacNucleic Acids Research, 2015, Vol. 43, No. 9 4371 tions with proteins bound to pre-mRNAs that are also produced by RNA polymerase II (112) . As a result, transcriptase activity slows, facilitating spliceosome recruitment and inducing splicing events (112) .
Recent studies have also revealed that Dicer is involved in the cell response to double-strand breaks (DSBs) in both animals and plants (118, 119) . Chromosome damage can occur, for example, due to oncogenic stress, ionizing radiation or the activities of site-specific endonucleases (118) . In these situations, the efficient repair of DSBs is critical for the maintenance of genome integrity and cell survival. Dicer presumably processes RNAs formed by the transcription of broken DNA ends (120) . It has been demonstrated in Arabidopsis and human cells that 21-nt small RNAs are produced from sequences flanking DSB sites (119) . These small RNAs have been named diRNAs, which stands for DSBinduced small RNAs. It has been postulated that diRNAs function as guide molecules that direct chromatin modification or recruit protein complexes that facilitate DSB repair (119) .
One recent report has also demonstrated that Dicer, together with PACT, TRBP and PKR, acts as a coregulator of nuclear receptors (121), establishing a connection between core miRNA machinery and nuclear receptor signalling networks. These RISC components have been shown to interact with steroid receptor RNA activators, which recruit RISC proteins to steroid-responsive promoters, where they regulate the expression of downstream genes (121) .
It is also important to mention that loss of Dicer in mouse oocytes has been shown to be associated with severe chromosome congression defects, presumably due to disorganized spindle formation (122, 123) . Moreover, Dicer depletion in mouse oocytes has been linked with upregulation of some retrotransposon families (122) . Thus, Dicer seems to be a crucial player in the regulatory network that controls oocyte gene expression programs and integrity of the oocyte genome.
Dicer-interacting factors also include a group of viral proteins. Some RNA viruses, such as hepatitis C virus or human immunodeficiency virus, produce proteins that may inhibit the activity of Dicer; hence, these proteins have been termed viral suppressors of RNA silencing. These viral proteins may directly interact with Dicer (e.g. HCV core protein (124, 125) or HIV-1 transactivator of transcription (126, 127) ), presumably with its N-terminal helicase domain, blocking its interactions with other protein partners, such as TRBP or ADAR1 (126, 127) . In addition, viral proteins may mediate the proteasomal degradation of Dicer, such as HIV-1 protein R (128) .
Interactions between Dicer and other proteins can also influence the specificity of its action (129) (130) (131) . For example, it has been demonstrated that the Dicer C-terminus functions as a 5-lipooxygenase (5LO)-binding domain (129) . The association of these two proteins not only enhances the catalytic activity of 5LO but also modifies Dicer processing specificity towards pre-miRNAs, favouring the production of ∼55-nt and ∼10-to 12-nt-long RNA species (129) . It is worth noting that years ago, Dicer cDNA clones were isolated from a yeast two-hybrid screen using 5LO as a bait (132) . In humans, 5LO is mainly expressed in differentiated inflammatory cells, where it catalyzes the first two steps in the biosynthesis of potent inflammation mediators called leukotrienes (133) . The exact nature and impact of Dicer-5LO interactions remain to be determined; nevertheless, the existing evidence provides a link between Dicer and inflammatory processes.
Several reports have shown that Dicer is subject to caspase-dependent degradation during apoptosis in human cells in vitro (130, 134) and in C. elegans (131) . The caspase-mediated cleavage of Dicer results in the release of a C-terminal Dicer fragment containing RNase IIIb and dsRBD. This C-terminal Dicer fragment cannot naturally produce functional miRNAs and lacks the majority of domains essential for binding to other proteins and factors. Instead, in C. elegans, this C-terminal fragment acts as a deoxyribonuclease to cause breaks in chromosomal DNA (131) . Nevertheless, it is not clear whether the human ribonuclease Dicer also participates directly in chromosome fragmentation following caspase cleavage. Interestingly, the caspase-dependent cleavage of human Dicer has been observed during the late stages of HIV-1 infection in vitro (130) .
Obviously, the Dicer-protein interaction network is still being delineated. The current list of involved proteins is summarized in Figure 2 and Supplementary Table S1 .
FACTORS INTERACTING WITH DICER SUBSTRATES
Although the structure of pre-miRNA itself may influence the specificity of precursor cleavage by Dicer (135) , an additional regulatory layer of Dicer activity is indicated by the interactions of factors with its substrates. Daley et al. have demonstrated that Lin28, a highly conserved RNA-binding protein, selectively blocks the processing of let-7 pre-miRNAs by Dicer through specific binding with these precursors (136, 137) . Furthermore, Gregory et al. have shown that a conserved cytosine residue in the loop of pre-let-7g is essential for Lin28 binding (138) . In contrast, Kim et al. have emphasized a role of a tetranucleotide sequence motif (GGAG) present in the terminal loop of let-7 miRNA family precursors in their selective binding with Lin28 (139) . These authors have demonstrated that Lin28 recruits a terminal uridylyl transferase (TUTase) to let-7 pre-miRNAs. This noncanonical polymerase adds an oligouridine tail to let-7 pre-miRNAs. These uridylated precursors cannot be efficiently processed by Dicer, and they are subsequently targeted for degradation. Lin28-dependent uridylation has also been reported for several other pre-miRNAs that contain the GGAG sequence motif in their apical loops (139, 140) . A more recent report has indicated that up to three Lin28 molecules assemble in a stepwise manner at the terminal loop region of let-7 miRNA family precursors, thereby efficiently inhibiting their processing by Dicer (141) .
A novel mechanism that controls Dicer activity through the Lin28/let-7 axis has been recently described by Varelas et al. (142) . This mechanism involves two major effector proteins of the Hippo kinase signalling pathways, TAZ and YAP (142) . The Hippo pathway is an evolutionally conserved signalling cascade that controls organ size and stem cell fate through the regulation of cell prolifer- Supplementary Table S1. ation and apoptosis (143, 144) . The depletion of nuclear TAZ/YAP through the activation of the Hippo pathway results in the reduction of Lin28 and the increased expression of let-7 miRNAs (142). Consequently, let-7 miRNAs can target Dicer mRNA by the mechanism discussed earlier and downregulate its expression, affecting global levels of miRNAs (142) .
In contrast with Lin28, a KH-type splicing regulatory protein (KSRP) has been determined to positively influence let-7 miRNA biogenesis (145) (146) (147) . KSRP is a multifunctional protein that plays roles in the decay (148, 149) , splicing (150) and localization (151) of certain mRNAs. It has also been reported as a component of Drosha and Dicer complexes in cultured cells (146) . It can interact with guanosine-rich motifs located in the apical loops of some miRNA precursors to promote their processing (145, 146, (152) (153) (154) , possibly by optimizing the positioning and/or recruitment of miRNA-generating complexes (146) .
It has also been demonstrated that the processing of certain pre-miRNAs occurs under the control of TAR DNAbinding protein-43 (TDP-43). TDP-43 interacts with Dicer and promotes the processing of some pre-miRNAs by binding to their terminal loops (155) . A recent study has shown that TDP-43 preferentially binds to UG-and pyrimidinerich sequences (156) (157) (158) . However, it has also been reported that UG repeats are neither necessary nor sufficient for TDP-43 binding (159) and that TDP-43 cannot bind to UG repeats in the dsRNA region of pre-miR-574. These findings indicate that the RNA secondary structure also plays an important role in target recognition by TDP-43 (155) .
The importance of the pre-miRNA structure in the regulation of Dicer activity has been further highlighted in a recent study performed by Wang et al. (34) . These authors have shown that the products of pre-miR-151 editing by the ADAR family protein (varying in their apical loop structures) induce different conformational changes in the Dicer helicase domain upon binding. The characteristics of these changes are correlated with the dicing activity of the enzyme (34) .
Another protein targeting the terminal loop of premiRNAs is the mammalian immunoregulator MCPIP1 (monocyte chemoattractant protein [MCP]-1-induced protein 1) (160). Miyazono et al. have demonstrated that MCPIP1 suppresses miRNA biosynthesis by cleaving the apical loops of pre-miRNAs. These authors have proposed that the loops of some miRNA precursors contain regulatory elements that can activate their degradation (160) . The broader list of proteins that interact with Dicer substrates is presented in Supplementary Table S2 .
Among the elements that affect Dicer activity through interaction with its substrates there is also a group of nonprotein factors. For example, it has been reported that the in vitro dicing of guanosine-rich short-hairpin RNAs can be inhibited by quadruplex-binding compounds, such as certain phorphyrazines and bis-quinolinium (161) . Dicer activity can also be influenced by the binding of RNA molecules other than substrates to this enzyme. Very recently, human transcriptome-wide analysis has identified so-called 'passive' Dicer binding sites (162) . These sites are preferentially located in coding sequences and 3 -UTRs that adopt stemloop structures. The latter, however, are different from the structures of typical pre-miRNAs. Dicer has been shown to be capable of binding but not of cutting passive sites. Interactions with Dicer stabilize RNAs carrying passive sites. Passive binding has also been proposed to serve as an anchoring mechanism for the efficient assembly of protein complexes. In addition, passive sites may function as a buffering system to control the catalytic activity of the enzyme by sequestering it from other targets. A similar strategy, based on Dicer sequestering, is utilized by viruses to mislead host defence mechanisms. For example, adenoviruses protect their RNAs by producing high amounts of long self-complementary transcripts that effectively compete for Dicer binding with other endogenous Dicer substrates. As a result, pivotal viral transcripts are not cleaved (163) . Likewise, in vitro studies conducted by our group have indicated that the activity of human Dicer can be affected by short RNA molecules that are bound to it (164) . Detailed studies have revealed that short RNAs can not only act as competitive or allosteric inhibitors of Dicer but can also influence this enzyme by base pairing with its substrates (165) . We have found that RNA oligomers that can simultaneously bind both Dicer and its substrates are selective and effective inhibitors of pre-miRNA processing. Furthermore, we have demonstrated that RNAs as short as 12 nt promote the selective inhibition of complementary pre-miRNA cleavage by Dicer (165) . The results of several recent studies support our observations that RNA may function as both a substrate and a regulator of miRNA pathway components. For example, Pasquinelli et al. have identified an interesting auto-regulatory loop that controls let-7 miRNA biogenesis in C. elegans (166) involving a protein called ALG-1 (Argonaute-like protein-1) that binds to a specific site at the 3 end of let-7 primary transcripts (let-7 pri-miRNAs), promoting the processing of these precursors. The interaction between ALG-1 and let-7 pri-miRNA is mediated by mature let-7 miRNA through a conserved complementary site in let-7 pri-miRNA. Therefore, mature miRNAs may target and regulate the processing of their precursor non-coding RNAs. This finding of the auto-regulation of let-7 miRNA biogenesis provides novel insights into the mechanisms controlling miRNA production. Interestingly, Provost et al. have reported the discovery of 12-nt-long RNA species corresponding with the 5 regions of miRNAs termed semimiRNAs (smiRNAs) (167) . The data collected by these authors suggest that smiRNAs can compete with miRNAs for binding sites within target UTRs. Thus, smiRNAs may represent a novel class of small non-coding RNAs generated along the miRNA pathway that are capable of regulating the activities of the miRNAs from which they are derived.
The cytoplasm of cells contains RNA molecules of different sizes and types, including a fraction of small regulatory RNAs. Accordingly, short sequence motifs influencing Dicer activity may occur in large functional RNAs, e.g. in mRNAs or in the stable intermediates formed during their degradation. The theory that stable intermediates of RNA degradation can accumulate in the cell and function as signalling molecules or participate in mechanisms that control cellular pathways has been discussed extensively by Figlerowicz et al. (168) . Moreover, it has been demonstrated that products of RNA degradation may be involved in regulatory processes occurring in cells (169, 170) . Interestingly, we have also identified transcripts whose fragments display substantial similarity to oligomers that bind to human Dicer and affect its activity (164) . Consequently, recent findings have indicated that mutual interactions between miRNA precursors and other RNAs may form a very complex regulatory network that controls miRNA biogenesis and subsequent gene expression.
HUMAN DICER AND CANCER
The human Dicer gene is located within the subtelomeric region 14q32.13 that has been reported to be significantly affected by various mutations (common mutations, epimutations and copy number variations) (171, 172) . Ample evidence shows that mutations of these types may alter DICER1 expression and/or resultant protein activity and consequently initiate pathological processes (173) (174) (175) . Although a number of such mutations have been identified to date, pathomechanisms of Dicer-mutation-mediated diseases are still poorly understood. This fact is well exemplified by neoplastic diseases and has been recently thoroughly discussed by Foulkes, Priest and Duchaine (176) . Thus, here we would like to point out only the most important issues.
There is no clear correlation among DICER1 expression, cancer type and disease progression. For example, significant changes in DICER1 expression have been detected during different stages of lung adenocarcinoma (177) . A transient upregulation in Dicer gene expression has been observed during the early stages of lung adenocarcinoma, whereas it is downregulated during the more advanced stages of this cancer (177) . In addition, the reduced expression of DICER1 may be associated with poor prognosis in some types of lung cancers (178) . In contrast, its expression has been shown to be increased in prostate adenocarcinoma cancer (179) and Burkitt's lymphoma (180) . The levels of Dicer mRNA/protein accumulation in select cancers are shown in Supplementary Table S3 .
There are also many controversies whether DICER1 acts as a tumour suppressor or an oncogene (181) . In humans, both constitutional (Supplementary Figure S1 ) and somatic (Supplementary Table S4 ) DICER1 mutations have been identified The former are inherited (germline mutations) and present in every cell and the latter are not inherited and occur in some, usually small, fraction of cells or even in a single cell. Early studies involving mouse models suggested that DICER1 functions as a haploinsufficient tumour suppressor (182, 183) . The haploinsufficiency mechanism proposed for DICER1 postulates that the constitutional mutation inactivating one allele of DICER1 (a heterozygous germline mutation), is initiatory and predisposes a cell to neoplastic disease; however, some other events are also required to induce tumorigenesis (184) . Such constitutional, loss-of-function mutations have been found throughout DICER1 (176, 184) and they have been proposed to lead to the so called DICER1 syndrome associated with various, usually early childhood cancers (184) . Recently, several reports that support another model of Dicer-mutationmediated tumourigenesis, so called 'two-hit' tumor suppressor model, have been published (173, 175) . This model is based on a classic Knundon's hypothesis assuming that two hits are needed to inactivate a tumor suppressor gene (185) . The first hit inactivates one allele and occurs either in somatic cell (sporadic cancer) or in germline cell (hereditary cancer). The second hit, affecting a remaining wild-type allele, is always a somatic mutation. Interestingly, in case of DICER1, most of the second hit mutations have been found in the RNase IIIb domain (173, 175, (186) (187) (188) (189) (190) (191) (192) . These mutations usually inactivate RNase IIIb only and specifically change Dicer activity. As mentioned earlier, Dicer lacking the functional RNase IIIb domain fails to cleave miRNAs located in the 5 -arms of pre-miRNA hairpins. As a result, miRNAs located in the 3 -arms of pre-miRNA hairpins are mainly produced (62, 174) .
The recent findings are consistent with the observations that certain families of miRNAs are indispensable for tumor cell development (11, 193, 194) that is why the inactivation of both DICER1 alleles suppresses cancer (183) . Thus, one can hypothesize that a selective pressure operating in cancer cells acts against complete loss of DICER1 and supports the appearance of specific mutations that are not deleterious for the encoded protein. These mutations rather modify Dicer activity toward restricting the formation of tumor suppressor miRNAs and/or promoting the production of oncogenic miRNAs. Considering all these data, one can further speculate that DICER1 can function both as a tumor suppressor and an oncogene. Finally, it should also be noted that there are many cancers for which neither germline nor somatic DICER1 mutations have a major etiological role.
CONCLUSIONS AND PERSPECTIVES
The precise regulation of Dicer activity is critical for the proper functioning of all eukaryotic organisms. As discussed in this paper and summarized in Figure 3 , Dicer abundance, activity and specificity can be regulated by various types of factors and at multiple levels. However, despite intensive studies, many basic questions regarding the mechanisms regulating the activity of this enzyme remain unanswered.
In the past few years, several reports have indicated the existence of interplay between Dicer and factors involved in various important cellular pathways. One can assume that the term 'Dicer interaction network' may refer exclusively to the Dicer protein, e.g. the contribution of the Dicer protein to chromatin structure remodelling, apoptosis or inflammation, as reviewed above. However, the involvement of Dicer mRNA in this interplay has also been documented. As discussed earlier, competition for nuclear exportin binding among Dicer mRNAs, pre-miRNAs and viral RNAs may affect Dicer protein levels (69) . In addition, viral RNAs may influence the Dicer protein directly by its sequestration, which also prevents the maturation of host pre-miRNAs to functional miRNAs (163), as described in this review. Considering other conditions and details of cell functioning, the issue of the Dicer interaction network becomes much more complicated. Certainly, solving one problem leads to further questions. Thus, to obtain a more comprehensive image of the Dicer interaction network, systems biology, a new and increasingly popular biological discipline, must be considered. Nevertheless, there is no doubt that the elucidation of any aspects of the mechanisms underlying Dicer activity 
